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ABSTRACT 
The Bell System is using a high-speed silicon 
avalanche photodiode (APD) light detector in an optical 
data link application.  The gain of the device is used to 
amplify the detected light signal and is temperature 
dependent under reverse basis of the APD.  A passive net- 
work has been developed* for direct compensation of the 
temperature dependent gain.  The network which is des- 
criptively called a remote temperature sensor first senses 
the ambient temperature.  It then adjusts the output vol- 
tage of a board mounted power (BMP) module used to reverse 
bias the APD.  The designed voltaged adjustment tracks 
the voltage-temperature relation required by the APD to 
maintain a constant gain. 
First a statistically significant sample size of 
^Ds were characterized to determine the design require- 
ments of the sensor.  The desired voltage-temperature 
relation required for a constant gain was experimentally 
determined to be: 
Vr(T) = Vr(TQ)■+ A(T-TQ) 
where V (T) is the reverse bias as a function of temper- 
ature required of the BMP, T is the ambient temperature, 
- 1 - 
T is the reference temperature taken as 25°C, and A is 
the temperature coefficient of voltage being 1.1 to 1.3 
volts/°C. 
Based on the APD results two versions of the sensor 
were designed into a four pin single inline package.  The 
temperature sensing element of the network is a thermally 
sensitive resistor known as a "thermistor".  A series and 
parallel thick film resistor combination is used to custom 
design the negative temperature coefficient of resistance 
(TCR) required of the sensor.  The TCR of the sensor 
determines the BMPs output voltage gradient. 
The discrete thermistor version of the sensor util- 
izes a reflow solderable Western Electric Company type "17" 
thermistor.  The thick film version uses a commercially 
available thick film thermistor paste.  Both versions 
meet the determined design requirements and have the flexi- 
bility of TCR adjustment within the limits of the particu- 
lar thermistor characteristics by adjustment of the 
series-parallel resistor values. 
- 2 - 
1.  INTRODUCTION 
Increasing emphasis has been placed on the use of 
optical data links for cost-effective data communications 
by the Bell System.  The data link subsystem consist of 
transmitter and receiver components interconnected via 
lightweight silica optical fiber cables.  A typical trans- 
mitter uses a GaAlAs LED to convert the electrical input 
into an optical signal.  The light is transmitted along 
the data link cable and is converted back to an electrical 
signal using either a p-i-n or avalanche photodiode (APD). 
Because of the gain properties of APDs they are used in 
receiver applications where signals are transmitted up to 
3.0 km in distance.  Western Electric Co. has recently 
started manufacture of a 13 0 volt silicon APD for such an 
2 
application.  It is designed for use with the new T L 
compatible 32 megabit per second synchronous data link. 
The APD is packaged on a TO-18 header with an added heat 
coupler and mounting flange.  A photograph of the 130 volt 
APD mounted on the TO-18 header is shown in figure 1A. 
The APD chip dimensions are approximately 50 x 40 x 15 
mils.  The APD is manufactured in wafer form with 1500- 
2000 chips per wafer. 
One problem encountered with the use of APDs is that 
the photocurrent gain M, which is desired to be constant, 
is temperature dependent under reverse bias. 
- 3 - 
The temperature dependence of the gain can be des- 
cribed by the empirical expression: 
i      «i> M
 " —ATTF- [AH 
where VR is the breakdown voltage, V is the reverse bias, 
and n is a temperature dependent exponent.  Both V_ and B 
the exponent n, to a first approximation, are linear 
(2) functions of temperature:    V_ = V_,  + a(T-T ), 
D aO O 
n = n  + b(T-T ).  The parameters a and b are positive 
temperature coefficients which depend on the semiconductor 
material, doping profile, and radiation wavelength.  The 
above relation implies that M varies inversely with tem- 
perature for a constant V  (with V  smaller than V_,) . 
r       r J3 
The above proportionality is due to the negative tem- 
perature dependence of the ionization coefficients for the 
holes and electrons of the device.  One method of compen- 
sating for the gain's temperature dependence is the 
adjustment of the reverse bias source. 
If V was adjusted to track the voltage-temperature 
relation of the APD then M would remain constant.  In 
order to accomplish this end it is first necessary to 
determine the actual voltage-temperature relation for the 
- 4 - 
APDs in que^t^on^oJtfext a means of temperature-compensated 
adjustment of V is required. 
In addition to the above the Lightwave Subsystem 
Department wanted to explore the feasibility of using the 
130 volt APD at 170 volts to process light signals trans- 
mitted over longer distances. 
The reverse bias for the 130 volt APD is provided by 
a custom designed switching regulator coded the 774A. 
The purpose of the voltage regulation is to provide a 
constant desired output for large variations in load 
conditions offered by the APD receiver.  The 774A Code 
switching regulator belongs to a family of board mounted 
power (BMP) modules developed by the Electronic Power 
Systems Laboratory.  Board mounted power conditioning is 
a relatively new concept for providing cost-effective 
auxiliary voltages for low power applications.  The BMPs 
are designed to operate independently on each circuit 
board.  This allows the systems engineering designer to' 
modify voltage levels on a given board without affecting 
other boards.  The 7 74A BMP was designed by Garo Dakessian* 
of the Low Power Converter Group.  Figure IB is a photo- 
graph of the 7 74A BMP module.  It is a Thick Film Hybrid 
circuit which is patterned on both sides of a 0.55" x 
0.80" size ceramic substrate.  Discrete components 
*Private communication. 
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including a bobbin core inductor and a molded power 
transistor are attached to the circuit's back side. ' 
Screen on thick film capacitors, a beam-leaded IC chip, 
and a soldered on transistor are mounted directly on the 
circuit's front side.  The Hybrid circuit is a 0.6 inch 
wide 16 pin DIP configuration.  It is packaged in a molded 
cup casing for protection.  The height of the module is 
0.5 inches when inserted in a printed wiring board. 
For an unregulated DC input of +5 volts +10% it provides 
a regulated up-converted output of -130 volts +5%, with 
a current load of 0-1 milliamperes. 
The output voltage of the 774A must be adjusted to 
track the dV/dT relation required by the APD. A method 
of remote temperature sensing and feedback to the 774A 
BMP' was developed to accomplish the voltage adjustment. 
The proposed method involves replacing a resistive ele- 
ment of the 774A's voltage sampling feedback loop with a 
thermally sensitive resistor known as a "thermistor". 
In the order of increasing importance, the purpose 
of this thesis project is three fold:  1) to determine 
the feasibility of using the 130 volt APD at 170 volts,. 
2) to determine the voltage-temperature relation 
required for the 130 volt APD to maintain a desired con- 
stant gain level, and 3) to demonstrate the—feasibility of 
- 6 - 
a new design concept for remote temperature sensing and 
temperature-compensated voltage adjustment of a switching 
regulator. 
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2.  APD CHARACTERISTICS 
2.1  Measurement Procedures     . 
2.1.1  APD Device Measurements 
Gain as a function of voltage was measured at dis- 
crete temperature intervals to determine both the constant 
voltage, gain-temperature dependence and the constant 
gain, voltage-temperature relations of APDs from two dif- 
ferent lots, AP6 and AP7.  A block diagram of the semi- 
automated testing facility used for the gain-voltage 
measurements is shown in Figure 2.  The APD is placed 
into a test socket which is located on the base of a , 
microscope.  An HP Model 9830 computer controls both the 
light signal and reverse bias supplied to the mounted 
APD.  The computerized system first measures the break- 
down voltage of the device at 1 yA of current with no 
incident light.  An incident light signal is then trans- 
mitted at the wavelength of 0.88 ym through the microscope 
lens system and is focused to a spot of approximately 
(2) 28 ym diameter on the APD planar junction.    The computer 
then senses the V  required for a photocurrent gain of 
<12.  The gain is measured as a function of increasing 
V in programmed intervals up to a value where Vr equals 
V -20 volts.  This procedure was repeated for 10 degree 
B 
temperature increments ranging from 0 to 80°C thus gener- 
ating a family of curves for each diode tested.  Nineteen 
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diodes were measured from Wafer 66 of Lot AP6 and twenty 
four from Wafer 73 of Lot AP7. 
2.1.2  Temperature Control 
To realize temperatures below room ambient a method 
for cooling of the device under test was required.  A 
diagram of the temperature control system is shown in 
Figure 3.  In-house nitrogen (N„) is passed at a low 
flow rate through a Dewar containing liquid' N~.  The 
cooled liquid N~ vapor is fed via a tubing into a glass 
cylinder which contains a heating filament.  The nozzle 
of the cylinder directs the N2 gas flow onto the APD.  A 
sensor probe of a Yellow Springs Instrument Model 72 
temperature controller is located about 0.2" away from 
the APD on the same support plate.  The desired temper- 
atures were obtained through appropriate heating of the 
low temperature N„ gas by controlling the current through 
the heating element of the glass cylinder.  This system 
achieved rapid temperature stabilization and control to 
within a few tenths of a degree centigrade. 
2.2  Results 
2.2.1  Diode Family of Curves;  Gain-Voltage 
Dependence 
The gain-voltage dependence curves for typical 
devices* from Lots AP6 and AP7 are plotted in Figures 4 
*Devices which exhibit gain-voltage characteristics 
near the average values of devices from each wafer. 
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and 5 respectively.  These figures show the measured 
photocurrent gain as a function of reverse bias with 
temperature as parameters.  For a given temperature the 
gain increases with increasing V , first slowly, then 
more rapidly with the slope approaching infinity as V 
approaches avalanche breakdown.  Since VD increases with 
temperature, the V  required for a self-sustained 
avalanche increases with increasing temperature.  Using 
these curves one may select a constant V  line and derive 
the gain response vs. temperature.  Similarly, for a con- 
stant gain the voltage-temperature relation can be 
determined. 
2.2.2  Gain-Temperature Dependence 
Using the technique described above the photocurrent 
gain as a function of temperature is plotted in Figure 6 
for a V  setpoint of 130 volts.  The plot was derived 
using the typical curves shown for the diodes in Figures 
4 and 5.  The nominal gain representing the two lots 
decreases roughly by a factor of two over a temperature 
range of 0 to 70°C.  Using a linear regression curve 
fit this equates to approximately a 6 db loss for every 
10°C increment.  The gain falls below the L-196347 min- 
imum specification of 12 within the 40 to 60°C range 
depending upon the lot. 
At present there are no L-drawing specifications 
for use of the APDs at 170 volts.  Results from previous 
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experiments have determined that an average gain of 50 is 
required to obtain the desired performance of the devices 
at 170 volts.     The gain versus temperature for a 170 
volt setpoint is shown in Figure 7.  The general trends 
are the same as those shown in,Figure 6 except the gain 
value is higher at a given temperature.  The nominal gain 
decreases about a factor of three over 0 to 70°C, meeting 
the desired value of 5 0 only under exceptional conditions. 
2.2.3  Gain-Breakdown Voltage Dependence 
It is of interest to note that at low temperatures 
the gain of the Lot AP7 Wafer 73 device is much higher 
than that of the AP6 Wafer 66.  This may be partially 
accounted for by examining the ratio of both 130 and 170 
volts reverse bias to the relative breakdown voltages of 
devices from each wafer at the lower temperatures.  A 
plot of V /VR as a function of temperature for the devices 
of Figures 4 and 5 is shown in Figure 8A.  The ratio of 
V /V_, varies in the same manner as the gain of Figures 6 
r B 
and 7.  For 130 volts at 0°C the ratio is about 0.7 for 
Wafer 73 as compared to only 0.5 for Wafer 66.  At 170 
volts the ratios were about 0.9 and 0.7 for devices from 
Wafers 73 and 6 6 respectively.  Thus the large difference 
in gain values at low temperatures is a strong function' 
of the difference in V /V_ ratios of devices from the 
r D 
two wafers.  A plot of Vg as a function of temperature 
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is shown in Figure 8B.  The slopes of the linear plots 
represent the breakdown voltage temperature coefficients. 
As shown, the temperature coefficient of the breakdown 
voltage is about 2.2 volts/°C for the device from Wafer 
73 as compared to 1.7 volts/°C for the Wafer 66 device. 
This partially accounts for the higher gain loss rate of 
the Wafer 73 devices and the converging of the gains at 
high temperatures in Figures 6 and 7.  To determine the 
specific causes for the differences in these parameters 
is beyond the intent of this study.  However, in general 
V depends on the impurity concentration and the doping 
a 
profile in the device p-layer and its temperature scales 
(2) 
with the epitaxial layer thickness of the device. 
Thus lot to lot process variations of these parameters 
could account for the breakdown voltage differences. 
2.2.4  Voltage-Temperature Relation for Constant Gain 
The average reverse bias required to maintain a 
constant gain value of 16 is plotted as a function of 
temperature in Figure 9.  The curve was derived by drawing 
a constant gain line of 16 through the gain-voltage char- 
acteristics and averaging the reverse bias of the 43 
diodes tested for the selected temperatures.  As shown, 
the curve may be represented by linear expression: 
V
r(T) = Vr(TQ) + A(T-T ) 
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where 
V = average reverse bias 
T = reference temperature of 0°C 
T = actual device temperature 
A = Temperatue Coefficient of Voltage (TCV) 
Based on Figure 9, to maintain a desired constant 
gain of 16 the setpoint of the switching regulator should 
be 135 volts at 25°C.  It should be capable of an 86 volt 
swing varying from 105 volts at 0°C to 191 volts at 70°C 
and track at a TCV of approximately 1.2 volts/°C.  Figure 
10 shows V versus temperature for a desired constant 
gain of 50.  The trend is the same as with Figure 9 ex- 
cept that V at a given temperature is higher, and the 
TCV is higher at approximately 1.4 volts/°C.  For a gain 
of 50 the switching regulator would require a 208 volt 
setpoint at 25°C.  This is disadvantageous for several 
reasons.  First the maximum voltage output of the present 
converter is 22 0 volts.  The V  required would quickly 
exceed this value above the room temperature of 25°C. 
Redesign o"f the switching regulator for a higher output 
isn't practical because of the upper voltage limit of 
capacitors and other circuit elements.  Also, 208 volts 
approaches the breakdown voltages of the devices measured 
at 2 5°C. 
It was desirable to examine the gain-voltage data 
from a slightly different perspective.  Instead of 
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selecting the gain, bias setpoints of 130 and 170 volts 
were selected and the average gain at 25°C was calculated 
for each lot.  This represents the typical gain values 
one could expect for these biases at room temperature. 
For comparison gain data for a more recent APD lot 
(AP20 wafer 4) is also included.  The average gains for 
lots AP6, AP7, and AP20 were 12.5, 18.5, and 13.8 respec- 
tively at 130 volts.  The average gains at 17 0 volts were 
18.7, 33.7, and 22.3 respectively for the same lots. 
The voltage-temperature relations required to maintain 
the average gain at 130 volts are plotted in Figures 11 
and 12 for devices of the latter two lots.  As a result 
of the low average gain values for lot AP6 Wafer 6 6 at 
130 volts, and for all three lots at 170 volts, the 
voltage-temperature relations were not plotted.  As shown 
in Figure 11, for constant gain of 18.5 (for Wafer 73 
devices) a total voltage swing of 100 to 184 volts is 
required over the temperature range of 0 to 7 0°C.  For 
the AP20 wafer devices the voltage swing required is 
slightly different, being 100 to 180 volts over the same 
temperature range as shown in Figure 12.  The character- 
istics of devices from wafer 73 of lot AP7 are considered 
(3) typical of most of the APD lots.- ' 
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2.3  APD Lot Variations 
2.3.1  Lot Differences in Voltage-Temperature 
Relations 
The voltage-temperature relations for constant gains 
of 16 and 50 are replotted as a function of APD Lot 
(wafer) in Figures 13 and 14 respectively.  The vertical 
limits indicated at'each point represent the sample 
standard deviation in reverse bias.  For a constant gain 
of 16 the sample deviation is on the order of +10% of 
V at any given temperature for both lots.  However, 
there are noticeable differences in both the nominal 
V per given temperature and in the tracking coefficients 
between devices from the two wafers.  At 25°C the V 
required to maintain a gain of 16 is about 33% higher for 
Wafer 66 as compared to Wafer 73.  Also the TCV for 
A 
Wafer 66 is 1.3 volts/°C as compared to 1.2 volts/°C for 
Wafer 73.  Similar trends were observed for a constant 
gain of 50 with V being 22% higher for Wafer 66 and a 
TCV of 1.4 volts/°C as compared to 1.3 volts/°C for 
Wafer 73.  Although not shown, the analogous TCV for the 
AP20 wafer 4 devices is 1.1 and 1.2 volts/°C for constant 
gains of 16 and 50 respectively.  The Vr at 25°C is 21% 
(25 volts) and 10% (18 volts) higher than the respective 
values for Wafer 73.  The differences in Vr required for 
a given gain are once again related partially to the 
- 15 - 
differences in the breakdown voltages.  The TCV is pri- 
marily determined by the width of the swept-out region 
of the device junction. 
2.3.2  Lot Statistical Analysis 
Statistical techniques were used to predict the 
actual spread in V  for a constant gain and spread in 
gain for a constant gain and spread in gain for a con- 
stant V .  For the analysis the sample mean and standard 
deviation were used as estimators to predict 95% confi- 
dence intervals for the actual mean and standard deviation 
of good devices from a wafer.*  The sample size of 19 
represents about 7% of the good devices from Lot AP6 
Wafer 66 whereas the sample size of 24 represents about 
6% of the good devices from Lot AP7 Wafer 73.**  It was 
assumed that the devices tested represented a random 
sampling and that the distributions were approximately 
normal. 
Since the sample size in both cases were less than 
30 and the actual standard deviation of the populations 
were unknown, the T sampling distribution was used to 
(4) predict the actual mean average intervals.     The T 
distribution is given by: 
* The samples tested were extracted from devices that 
have already passed preliminary wafer testing. 
**As a result of the statistically small sample size of 
only 7 devices lot analysis was not performed for 
Lot AP20 Wafer 4. 
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s//n~ 
where 
X = sample mean 
y = acutal mean 
S = sample standard deviation 
n = sample size 
The confidence interval for y is given by: 
x-V?i <y <x + !"Z2! 
/n /n 
where t .^  = the value of the T distribution, with n-1 
degrees of freedom, leaving an area of 
a/2 to the right. 
For a 95% confidence interval t ,~ becomes trt0r..  Its a/2 025 
value is obtained from a T table. 
2 Using S  as an estimator, the interval for the 
actual standard deviation was determined using the 
statistic: 
v
2
 - (n-DS2 
X
 "    a2 
2 
where X has a chi-sguare distribution with n-1 degrees 
of freedom, and a is the actual standard deviation. 
* 
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xy 
The confidence interval for a   is given by: 
(n-l)S2     2   (n-l)S2 
2 ~2 
X
 a/2 Xl - a/2 
and a = (a2)1/2 
2 2 
X
 a/2 and Xl - a/2 are the values of a chi-square distri- 
bution with n-1 degrees of freedom, leaving areas of 
a/2 and 1 - a/2, respectively, to the right.  For a 
2 2 95% confidence interval X-,    ,- becomes X„ „„r and 1 - a/2 0.975 
2 2 X ay2 becomes X„ Q25 the values of which are extracted 
from a chi-square table. 
Table I shows the calculated mean and standard 
deviation in gain of good devices from a wafer as a 
function of constant bias at 25°C.  The predicted mean 
(y) is on the order of +6% at 130 volts and +10% at 
170 volts of the sample mean.  The results indicate that 
the actual standard deviation at 130 volts is about 10% 
at best and 23% at worst.  At 170 volts sigma is on the 
order of 14% at best and 40% at worst. 
Included in Table II are the tabulated data of the 
predicted mean and sigma of V as a function of constant 
gain at 25°C.  The predicted mean is on the order of 
+4% of the sample mean (V ) for a gain of 16, and +3% 
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for a gain of 50.  Sigma covers ranges ofo 6 to 14% and 
4 to 9% (minimum to maximum) of the sample means for 
gains of 16 and 50 respectively. 
2.4  Major Conclusions on APD Characteristics 
The following conclusions were drawn from the APD 
characteristic results: 
1) Reverse biasing of the 130 volt APDs at 170 volts 
results in gain levels which do not meet the 
desired high gain requirement at room temperature, 
Therefore, use of these devices at the 170 volt 
setpoint is not recommended. 
2) The designed output voltage of the 774A will be: 
V0 = Vo(To} + A(T_T0) [A2] 
where    V = -V = -130 volts +5% 
or — 
T = 25°C 
o 
A  = -1.2 V/°C +10% 
The operating temperature range is 0°C to +70°C with 
applications down to -20°C anticipated in the near 
future. 
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3.  REMOTE SENSOR DESIGN 
3.1  Theory of Operation 
3.1.1  Switching Regulator 
The proposed concept for remote temperature sensing 
and subsequent voltage adjustment is based on the oper- 
ation of a switching regulator.  The term "switching 
regulator" is derived from the fact, that the main flow of 
electrical power is regulated by means of switching 
devices as opposed to power-dissipative devices.  ' 
Regulation of power is achieved through varying the duty 
cycle or repetition rate of the switching device.  A 
block diagram of a typical inverting switching regulator 
is shown in Figure 15.  In the block diagram the elec- 
tronic switch may be a single or collection of transis- 
tors in an inverter circuit.  The voltage sampling resis- 
tor chain (Rl and R2) along with the constant reference 
voltage and difference amplifier forms a feedback loop. 
The output level of the feedback loop is compared to a 
clock ramp contained in the variable-width pulse gener- 
ator circuit.  This in turn determines the time-on   ~^ 
time-off relation or duty cycle of the electronic power 
switch. 
The equivalent simplified circuits illustrating the 
modes of operation and input-output relationships of the 
(6   7) 
switching regulator  '   are shown in Figures 16 and 17. 
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At a condition of steady state an output voltage (V ) 
stabilizes to a desired constant value.  For a DC ripple 
of AV there is a dC output current of I .  As shown in 
Figure 16 when the electronic switch is turned on energy 
flows from the input source and stores in the inductor. 
During this time the diode is reverse biased and is thus 
represented as an open circuit.  The output capacitor 
supplies all of I .  The current in the inductor rises 
linearly at a rate of: 
AIL(+)    (Vin - Vsat) 
AT 
where     IT   = Current in the inductor 
Li 
AT   = T   = Time on 
on 
L  = Inductance 
V.   = Unregulated input voltage 
V_ . = Saturation voltage of the electronic 
switch 
The AV across the load which is supplied by the out- 
put capacitor is given by: 
ivo - vc - ljirSL i« 
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where 
y 
V = Voltage across the capacitor 
C  = Output capacitance 
When the electronic switch is turned off as shown in 
Figure 17, the inductive kick drives the bottom end of 
the inductor to the desired V .  This results in making 
o ^ 
the bottom end of the inductor now positive relative to 
the top end.  The diode is now forward biased.  The 
inductive current is decreasing at a rate of 
AIL(_)   (Vo + VD) 
—_— =  .  Thus AI  (-) is given by: 
(V + v ) 
AIL(.) =   ° L     TQff [3] 
where 
AT = TQff 
Vn = voltage drop across the diode. 
The steady-state solution for the output voltage V may 
be derived by solving for the current in equation [1] 
and equating the current equations of [1] and [3].  Thus: 
- 22 - 
AIL(+)   =   AIL(-) 
(Vin  " Vsat>   T       _   <Vo  + VToff 
L       on 
or 
Vo = (Vin " vaat) ^on^off* "VD        [4] 
Equation [4] shows that by changing the ratio of 
T  /T ff or duty cycle, any desired step up output vol- 
tage may be obtained within the voltage rating capability 
(8) 
of the electronic switch.v 
3.1.2  Pulse-Width-Modulation 
A block diagram illustrating the simplified PWM 
scheme for 774A is shown in Figure 18.  The output vol- 
tage is stepped-down via the voltage divider resistor 
chain to a value (V ) that is slightly more positive than 
the voltage divided Band Gap Reference voltage (V ). 
The resistance of the sampling chain is arranged such 
ii- 
that V >V at all times.  This assures that the differ- 
o  r 
ential amplifier will operate in the linear mode and 
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always have a positive output.  The difference between 
VQ and Vr is multiplied by the gain of the differential 
amplifier to give an op-amp error voltage of V .  The 
op-amp error voltage is then compared to the voltage 
level generated by the clock (V ) using a comparator.  The 
output of the comparator sets the duty cycle which in turn 
determines V .  The slope of dVc/dt is the hypotenuse of 
a ramp function that varies between the designed levels 
of V  .   and V   .  During the time interval that 
cmm.      cmax       ^ 
V<V the output of the comparator goes high "logical 1" 
C   a, 
which turns on the switch.  The time interval when 
V .   < V < V defines T  .  When V becomes slightly 
cmm. — c — a on        c J       J 
greater than V the comparator goes low "logical 0" which 
a 
turns off the switch.  The time interval where 
V < V < V     defines T rjr.  The total period (T) for a — c — cmax. off ^ 
one ramp cycle is given by: 
T = T  + T ,- [5] on   off J
The voltage regulation is maintained by monitoring 
of the sampled DC ripple value of AV by the differential 
amplifier.  As the value of V decreases (becomes more 
negative) below the designed steady state value the mag- 
nitude of V increases hence increasing the magnitude of 
V to a new value V -, .  As shown in Figure 18, this 
a ax 
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results in increasing the duty cycle and subsequently V . 
As V continues to increase to a designed ripple value 
above steady state the reverse cycle occurs.  Thus the 
output ripple voltage AV  fluctuates about the steady 
state value in a direct proportion to AV . 3. 
Most of the functions needed for the PWM are in- 
cluded in the 584G silicon integrated circuit (SIC) 
(6) ... 
chip.    It is a general purpose sealed junction device 
with a 28-beam lead pin out.  The 584G SIC utilizes Com- 
(9) plementary Bipolar Integrated Circuit (CBIC)    technology. 
Via the proper external components and interconnections 
the power designer has access to the control functions 
required for constant frequency, PWM switching power de- 
signs.  A block diagram of the 584G functions is shown in 
Figure 19.  The 774A utilizes the ramp generator, level 
shift amplifier, voltage op-amp, band-gap reference, and 
complementary output comparator functions of the diagram 
shown. 
3.1.3  Temperature-Compensated Voltage Adjustment 
The previous section discussed how the differential 
feedback loop output V affects the output voltage V . 
A block diagram of the feedback loop and its relation to 
both the 7 74A and the APD receiver it powers in shown 
in Figure 20.  The proposed method for voltage adjustment 
involves varying the resistance of resistor R-infi in the 
feedback loop in such a manner as to promote a desired 
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incremental change in V  and subsequently V -  The rela- 
tion of R-iQg to the resultant V may be determined by 
analyses of the inputs to the differential amplifier. 
The voltage at the (-) input of the op-amp designated 
Vr is given by the equation of a simple voltage divider; 
'       
R105 V„ = K ~^  V [6] 
r
   
R104 + R105  r 
To determine VQ at the (+) input of the op-amp the 
current through the R106/ Ri07 branch must first be 
determined by: 
V  + V 
1
 " R    + / 17] 106    107 
Solving for the voltage at the point between Rlnfi and 
i 
R,n_ defines V  thus: 107 o 
Vo = "Vo + IR107 = Vr - IR106      I8] 
R, », is on the order of Kohms, whereas Rln_ is on ±(Jo -LU / 
the order of Megohms.  Since R107 >>  Rxo6 the current 
(I) is primarily determined by R-j.07 and is relativelY 
uneffected by large changes in R106-  Since V"r the band 
gap reference is also constant the following propor- 
tionalities may be derived from the right hand side of 
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equation [8] and the operational theory discussed in pre- 
vious sections: 
i 
V   =  V  »  V   a:   — 
' °'    
a
    °    
R106 
Thus |v | is inversely proportional to resistance changes 
in R1()6. 
If a resistance change in R10fi is temperature depen- 
dent, then for a given negative temperature coefficient of 
resistance (TCR) function of Rlnfi there is a proportional 
positive temperature coefficient of voltage (TCV) func- 
tion of |V I. 1
 o' 
A circuit element that readily lends itself to the 
above desired application is a thermally sensitive resis- 
tor known as a "thermistor."  By replacing R,», with a 
thermistor the dual prupose of both sensing the ambient 
temperature and voltage adjustment of V  as a function 
of temperature could be accomplished.  By the use of 
interconnecting conductors the thermistor temperature 
sensor could be remotely located allowing board mounting 
of the 7 74A some distance away from the APD receiver. 
Using the above concept a desired dVQ/dT relation was 
obtained through custom design of a negative temperature 
coefficient (NTC) passive thermistor network called a 
remote temperature sensor. 
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3.1.4  Thermistor Theory       \ 
A thermistor may be defined as a /'thermally sens- 
itive resistor whose primary function is to exhibit a 
change in electrical resistance with a change in body 
temperature.'      In general thermistors can be used in 
one of the following three basic conditions.  One con- 
dition is when the electrical power dissipated by the 
thermistor is sufficiently low enough to prevent appre- 
ciable internal heating.  Under this condition the 
resistance of the thermistor is strictly a function of 
the ambient temperature.  When used in the above con- 
dition the device serves readily as a thermometer.  A 
second operational mode exists if sufficient electrical 
power is supplied as to induce direct self-heating of 
the device.  Under this condition the resistance of the 
thermistor is a function of both the power supplied and 
the ambient temperature.  A third condition exists when 
the thermistor material is either packaged with or in the 
immediate ambient of a controlled heating filament.  The 
device resistance is then a function of the indirect 
heating of the filament.  Since the present application 
is primarily as a temperature compensating thermometer 
the first condition is desirable. 
-i 
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As a result of the desired TCR function the class 
of thermistors (or thermistor thick films)  primarily 
fabricated from sintered metallic oxides were inves- 
tigated.  Such devices are characterized by electronic 
semiconduction and show relatively large negative TCRs. 
(11) C. V. Fanuele    derived a basic equation applicable to 
obtaining a working relationship between the resistance 
and temperature of a thermistor.  The resultant equation 
was derived by considering the resistivity of a semi- 
conductor which is given by [q (y n + y p) ]  •  Both the 
ii    p 
carrier concentrations n and p and the mobilities y  and c M
n 
y  are functions of temperature.      Thus the equation 
may be written: 
R = R±  exp [3/T] [9] 
R = thermistor's resistance in ohms 
T = temperature in K 
R. = resistance at — = 0 (a constant of proportionality) 
3  = beta = a material constant depending on the band 
gap impurity concentration of the semiconductor 
exp = Naperian base 2.713 
Using the above equation the relation between the 
unheated resistance R and ambient temperature T and the 
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unheated resistance R at some reference temperature T 
is easily realized as 
ft ft\    C11'   12) R =  Ro exp  [| - ^-1 [10] 
The power dissipated in a thermistor may be defined 
by the differential heat-transfer equation at any instant 
of time: 
W * dH/dT = C (T-T ) + K dT/dt(12)     [11] 
dH 
where W =  /dt = rate of thermal energy applied to 
the thermistor 
K = heat capacity 
C = power dissipation factor 
The steady state solution of equation [11] assumes 
that dT/dt=0 and is given by: 
W = C (T-TQ) [12] 
Solving for the power dissipation factor C 
C = ,T_T ,  in watts/degree [13] 
If the power dissipated in the thermistor is to 
be small enough so the equilibrium body temperature 
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does not differ significantly from the surrounding 
ambient,then W/C «1 isarequirement. 
Under the above conditions the heat-transfer 
equation may be rewritten as 
dT/dt = -(C/K) (T-To) [14] 
The solution of the above equation is 
- t/T(12) 
x = To + (Ti-To) e  ' [15] 
where Ti = initial thermistor body temperature 
x  = K/C = thermal time constant 
x is thus the exponential coefficient in Newton's 
law of cooling for a body at a temperature different 
from that of its surroundings.  It may be defined as 
"the time required for the temperature of a thermistor 
to change 63% of the difference between its initial 
value and that of its surroundings when no electric 
(13) power is being dissipated in it. 
The temperature coefficient (a) is defined as 
-i* I16] 
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By applying the above operation of equation [16] to 
equation [9] we find that: 
a * - 3/T2 [17] 
The maximum operating temperature (T-) is defined as 
"the maximum ambient temperature at which a thermistor 
will operate for an extended period of time with accept- 
f 12) 
able stability of its characteristics."v  ' 
The above mentioned thermistor characteristics were 
taken under consideration for the remote sensor design. 
3.2  Design Procedure 
3.2.1  Output Voltage as a Function of Rlnfi Resistance 
The theoretical relation between V_ and R. nr  was o     106 
discussed in paragraph 3.1.3 in detail.  Toward this end 
the initial design procedure involved experimentally 
determining V as a function of the Rin/- resistance. J
     O 1U6 
The dV /dR measurements were taken at a reference ambient 
o 
temperature of 25°C.  Other test conditions included a 
DC input of +5.0 volts with an output current load of 
0.5 mA (1/2 full load).  Four randomly selected samples 
were tested with both passive and active trimmed resis- 
tors adjusted to within designed tolerances.  Voltage as 
a function of resistance measurements were taken in the 
range of -70 to -200 volts in 10 volt intervals.  The 
averaged voltage as a function of the R-j0g resistance of 
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the four text samples is plotted in Figure 21.  As shown 
the voltage varies from -200 volts at 1.5 K-ohms to -70 
volts at about 4.5 K-ohms.  The dV /dR response is in the 
form of an exponentially decaying type function.  For a 
given voltage the deviation in resistance among the four 
samples was within 0.4% for each test point.  This il- 
lustrates the good reproducibility of parameters asso- 
ciated with Dakessian's 774A design.  One important 
observation of Figure 8 is that the negative slope of 
dV /dR approaches infinity at high negative voltages. 
As a result the voltage error sensitivity is much higher 
in the low resistance range of R106 (i.e., a small AR 
yields a large AV ). 
3.2.2  Derived Temperature Coefficient of Resistance 
The data of Figure 21 was used to determine the 
temperature coefficient of resistance (TCR) required to 
obtain the desired output voltage gradient. 
Equation [A2] was used to calculate V in 10°C tem- 
perature increments ranging from -20 to +80°C and at 
+25°C as a reference temperature (T ) for a TCV of 1.2 
volts/°C.  For each calculated V value the corresponding 
R-mzr value was determined by using Figure 21.  The pro- 
cedure was repeated for TCVs of 1.1 and 1.3 V,olts/°C and 
the results are listed in Table III.  The results of 
Table III for a TCV of 1.2 V/°C are plotted in Figure 22. 
The required TCR decreases rapidly in the temperature 
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v 
range of -25 to 0°C.  The curve becomes nearly linear 
in the range of +10 to +80°C. 
3.3.3  Thermistor Design Requirements 
Temperature Coefficient of Resistance 
As mentioned one important design parameter for 
selection of the thermistor required is the TCR function. 
As a result of the nonlinearity of typical NTC thermistor 
characteristics the actual TCR value will vary substan- 
tially depending on the differential segment of the 
(14) 
curve selected for the calculation.     As a result 
most manufacturers of discrete NTC thermistors specify 
the TCR for a very narrow temperature range about R , a 
reference cold resistance value at 25°C.  Using data 
extracted from Table III and equation [16] the TCR 
required at 25°C is -0.0101 ohms/ohm/°C or about -1.01%/°C 
of the R value of 2.375 Kohms.* 
o 
Beta 
Although useful, the manufacturers specification for the 
parameter a is only informative about the reference 
temperature.  A more useful specification of the TCR 
characteristic is the natural constant beta.  A conven- 
ient form for calculating beta may be derived from 
equation [10] which yields: 
* The value of R1Q6 required for an output of -130 Volts 
at 25°C. 
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InR - InR 
3
 
=
 1/T - 1/T° [18J 
where In = Naperian base logarithm 
Beta is commonly specified at T = 0°C (273°K) and 
T = 50°C (323°K).  It thus defines the resistance func- 
tion over a wider temperature range than the a specifi- 
cation.  Using data extracted from Table III and equation 
[18] the desired value of beta is on the order of 850°K. 
Power Dissipation Requirement 
Next the power dissipation limit was determined. 
The maximum power dissipation occurs when the current 
through R106 is at a maximum.  For the temperature range 
measured this condition occurs when R._, is at its min- 106 
imum value at 8 0°C.  At this condition Iv I = 196 Volts 1
 o' 
and Rlnfi = 1.54 K ohms.  Equation [7] was used to calcu- 
lated the value I   = 150 ya.  The maximum power is 
max c 
2 
given by Wmax = Imax (R106) = -035 mw.  It was decided 
)hat a ratio of max/C .  < . 01<< 1 was sufficient for 
min — 
the present design considerations.  A maximum power dis- 
sipation ratio of .01 will result in negligible maximum 
temperature errors of -0.25°C at -20°C and +0.55°C at 
80 °C using 25°C as the reference temperature.  The value 
of C that will satisfy the above requirement is C ^3.5 
mw/°C.  Based on the above, a value of C .  = 5mw/°C was 
mxn 
selected as a reasonable and safe design requirement. 
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Resistance Tolerance 
The resistance tolerance was determined from the 
774A's voltage requirements stated earlier as being: 
VQ = -130V + 5% - 1.2V/°C(T-25°C) + 10? 
Using the data of figures 20 and 21 AV /AR10fi values 
were calculated for discrete temperature intervals of 
-25, 0, 25, 50 and 80°C and are shown in Table IV. 
The percent deviation results for temperatures of 
-25, 25 and 80°C are shown in graphical form in Figure 
23.  The deviation in output voltage per given resistance 
change increases with increasing temperature.  As stated 
earlier this is due to the steeper dV/dR slope in the 
low resistance portion of Figure 20.  Using Figure 23 
the corresponding allowable resistance deviation for the 
+5% voltage specification is +6.1%.  Other factors 
further reduce the allowable resistance deviation. 
Calculations indicate that the combined worst case ef- 
fects of the band gap reference voltage tolerance and the 
tolerances of the other resistances of the feedback loop 
may result in a 0.5% deviation in V at room temperature. 
In addition Dakessian performed regulation measurements 
of V as a function of V.  (5 volts + 10%), output load 
o in — 
current, and temperature with all other circuit para- 
meters held constant.  Calculations based on the 25°C 
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data at full, half, and no-load conditions indicate that 
the maximum deviation in V due to varying V.  from -10% 
o * in 
to +10% is on the order of 1%.  For a constant V.  the in 
load effect is small being on the order of a few tenths of 
> 
a percent deviation in V .  These combined factors reduce 
the effective V tolerance to +3%.  Using Figure 10 this 
results in a maximum allowable sensor resistance tolerance 
of +3.5% at 25°C. 
There are two other major factors that must be ac- 
counted for in the 25°C cold resistance tolerance.  The 
first is the a tolerance.  As a result of the non-linearity 
of the TCR function required a small a tolerance at 25°C 
may result in a much larger resistance error over large 
temperature spans.  Thus the summed tolerance of R and 
a at 25°C must be small enough such that the resultant 
TCV tolerance of +10% of the power module is maintained. 
The second factor is the stability of the thermistor com- 
ponent.  The resistance tolerance of the thermistor must 
be small enough such that subsequent resistance changes 
(if any) due to aging remain within acceptable limits. 
The design specification for these two factors will 
primarily depend on the characteristics of the thermis- 
tors to be investigated. 
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Maximum Operating Temperature 
The 774A BMP is not designed to operate above 220 
volts due to the maximum voltage ratings of circuit 
components.  For the set point and voltage gradient 
desired the output of the 774A would reach 220 volts at 
100°C.  Based on the above the maximum operating temper- 
ature rating of the sensor should be >_100°C. 
Miscellaneous Requirements 
W. H. Hackett of the Optical data Link Design Group 
specified the following design assumptions with regard 
to the remote temperature sensor:  (1) Ambient temper- 
ature changes of the APDs environment will be slow enough 
such that the thermal time constant of the remote sensor 
is not critical, (2) The power dissipated by the APD and 
optical receiver circuit will be low enough as to not 
appreciably heat the remote sensor, and (3) The remote 
sensor will be mounted outside of the optical receiver 
package but on the same temperature gradient as the APD. 
Thus any temperature difference between the APD and the 
remote sensor is considered to be negligible. 
M. A. Karr of Hackett"s group yielded the following 
mechanical design specifications:  (1) The vertical 
height of the remote sensor package is not to exceed the 
height of the APD receiver package which was measured 
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as 0.450" (Without the top), (2) The remote sensor design 
is to provide for electrical connection to the APD 
receiver "paddle board" via mechanical leads, and (3) 
The remote sensor design is to provide for mechanical 
attachment to the rear vertical wall of the receiver 
package using a non-conductive adhesive.  The above 
design assumptions and specifications were incorporated 
into the sensor designs. 
3.3  Circuit Design and Results 
3.3.1 Electrical Design of Discrete Thermistor Sensor 
Component Se1ec tion 
An extensive review of published manufacturer's 
information on both internally and commercially available 
discrete NTC thermistors was performed.  No standard 
thermistor components could be found that exhibited all of 
the necessary design requirements.  Certain manufacturers 
were willing to produce a specialized component that 
would meet the design requirements but slow turn around 
time and extremely high cost precluded this route as a 
viable alternative.  Furthermore it was desirable from 
positions of both engineering control and cost minimi- 
zation to use an internally produced product if possible. 
The discrete thermistors investigated exhibited much 
higher than desired TCRs.  This necessitated a method of 
effectively lowering the TCR if such discrete thermistors 
were to be used for the sensor design.  A common practice 
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for lowering the resistance of any fix resistor to a 
desired value is by connection of a parallel resistor of 
appropriate value.  Implementation of this procedure with 
a thermistor reduces the effective TCR.  The resultant 
parallel network is frequently described as a thermistor 
compensator.  The elementary parallel resistance equation 
thus defines the compensated resistance-temperature 
function: 
RpR(T) 
VT) = Rp + R(T) [191 
where 
R_(T) = compensated resistance as a function of temper- 
ature 
Rp   = parallel resistance 
R(T)  = thermistor resistance as a function of temperature 
with R(T) = R of equation 110] 
One potential problem associated with the basic com- 
pensator circuit is that in some instances the desired 
slope occurs at an absolute resistance value which is 
below the desired value.  A modification of/€he basic 
compensator by addition of a series resistance will 
translate the absolute resistance to a higher value. 
The total resistance as a function of temperature thus 
becomes: 
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R^T) = Rg + RC(T) [20] 
where 
Rg   = series resistance 
R_(T) = total resistance as a function of temperature 
The schematic diagrams for both the basic and mod- 
ified compensation networks are shown in Figure 24. 
It was decided to experimentally determine if the 
modified compensation technique was feasible for the 
desired application using an internally manufactured 
thermistor component.  The combined selection criteria 
of electrical properties, profile, shape, and size yielded 
(13) the Western Electrxc Co. type 17A    thermistor as the 
best internally manufactured choice.  A photograph of 
the 17A along with its. approximate dimensions is shown 
in Figure 25.  As shown it belongs to a family of disk 
type thermistors.  In general it was manufactured by 
first forming a paste mixture of a metallic oxide and 
organic binders into a disk shape.  After drying of the 
paste and removal of the binders the semiconductive 
material is sintered at temperatures on the order of 
1000°C.  Silver electrodes are then fired-onto the two 
flat faces of the disk.  The thermistor disk is then 
edge ground up to the desired cold resistance value. 
Two tinned copper wire terminal leads are then attached 
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to the electrodes using a high temperature solder.  The 
published characteristics of the 17A are shown in Table V 
titled "a summary of thermistor characteristics," and the 
uncompensated resistance-temperature function is plotted 
in Figure 26.  The RQ normalized resistance-temperature 
values are included in Table VI.  As shown both the 
characteristics and the uncompensated TCR differ greatly 
from the desired requirements. 
Design Effects 
The +5% voltage tolerance at +25°C is the most 
critical specification for the remote sensor design.  As 
a result the compensator network should be designed to 
yield an optimum resistance value at room temperature. 
There are numerous combinations of R_ and R_, that will 
yield both the desired absolute resistance value and the 
desired TCR at room temperature.  The problem thus 
reduces to one of determining an optimum set of values 
for Rp and R_.  The optimum values will be strongly in- 
fluenced by the end points of the desired temperature 
span.  From equations 119] and J20J it may be realized 
that as the value of the thermistor's resistance R(T) 
approaches zero at extremely high temperatures the net 
resistance of the compensator network approaches a min- 
imum value of Rc.  As R(T) approaches infinity at 
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extremely low temperatures the net resistance approaches 
a maximum value of R + R .  Thus for a given set of 
thermistor characteristics the relative values of B-  and 
R„ determine the end limits of the design. 
The effects of the end limits result in a third order 
curve about the desired TCR function with a point of 
inflection somewhere between the end limitiations.  The 
cross over points and deviation of the curve are deter- 
mined by the TCR and RQ characteristics of the thermistor, 
and the values of R and Rg.  If the value of Rg is re- 
duced to extend the upper temperature limit, Rp may have 
to be increased to a value that would significantly 
increase the lower temperature limit thereby altering the 
desired TCR.  As a result of this trade off it is desir- 
able to design the optimum values of R_ and Rq for a 
point of inflection in the middle of the desired temper- 
ature span.  For the desired span of 0°C to +70°C this 
would be +35°C.  Unfortunately the +5% tolerance neces- 
sitates an optimum design at +25°C.  This will result in 
larger than desired deviations at the temperature end 
points of 0°C and +70°C. 
Design Results 
An iterative procedure was used to calculate the 
optimum values of Rp and Rg to be used with the 17A 
thermistor.  The results yielded values of Rp = 3.10K-ohms 
+ 1% and Rc = 1.62K-ohms + 1% with R_ of the 17A being 
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nominally l.OOK-ohms.  A "bread board" model of the com- 
pensated thermistor network using the values stated was 
assembled and placed in a self-contained environmental 
chamber which had been temperature characterized.  The 
temperature in the chamber was varied from -20°C to +80°C 
in 10°C increments and at +25°C.  The resistance of the 
network was measured at each temperature interval using 
a digital multivolt meter.  For each measurement taken 
the fan of the chamber was turned off to eliminate any 
influence on the thermistor from air currents in the 
chamber. 
The thermal time constant of the thermistor results 
in a time delay between the chamber's ambient temperature 
and the temperature sense by the network.  Thus is was 
necessary to maintain the chamber at a constant temper- 
ature long enough for the network's resistance to 
stabilize.  In practice this was difficult to obtain 
100% of the time using the above facilities.  This intro- 
duced the possiblity for some error to be incorporated 
in the measurement technique.  Repeated measurements 
were reproducible to within +1% using the above equipment. 
The results of the resistance vs. temperature meas- 
urements are plotted in Figure 27.  Careful component 
selection resulted in the measured TCR being nearly 
identical to the calculated values.  Thus the necessity 
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for plotting the calculated network curve was eliminated. 
As shown for the main temperature range of interest, the 
maximum deviations occur at the end points being 3% at 
0°C and 5% at +70°C.  If the entire temperature range 
measured is taken into account the maximum deviation 
occurs between -10°C and 0°C and at +80°C.  The cross 
over points of the measured curve to the desired curve 
occur at -18°C, +25°C, and +50°C.  The optimum overlap 
of the measured curve to the desired one is between the 
temperatures of +20°C and +55°C.  By examination of 
Figure 27 it may be observed that a better overall curve 
fit could be obtained by lowering the value of R .  That 
would however result in a deviation at +25°C.  This is 
undesirable because of the tight voltage specification at 
this temperature. 
The "bread board" network was then wired to a 774A 
BMP that had been active trimmed* to provide a -130.0 volt 
output for a fixed Rlnfi resistance value of 2.375K-ohms. 
In practice the 774A BMP will be exposed to the same gen- 
eral environment as the sensor.  To account for any 
effects the ambient might have on the 774A it too was 
placed in the chamber along with the thermistor network. 
Once again the temperature was varied from -20°C to 
* Active trim is a term used to describe resistive com- 
ponents that are trimmed while under bias to a 
specified voltage value. 
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+80°C and output voltage measurements were taken.  This 
procedure was repeated using different 774As and sensor 
networks.  The results of a typical response is shown in 
Figure 28.  As expected the output voltage response fol- 
lowed the tendencies predicted by the TCR function of the 
sensor from Figure 27.  The measured voltage response is 
of the form of a third order curve about the -1.2V/°C 
gradient desired.  As with the TCR the cross over points 
of the output voltage to the desired gradient occur at 
approximately -20°C, +25°C, and +50°C.  For the specified 
temperature range of 0°C to +70°C the maximum deviations 
from the desired gradient occur at 0°C and +70°C being 
approximately -4% and -3% respectively.  Both deviations 
are well within the +10% limits specified.  It should be 
noted that the sensor networks tested used components 
measured to have desired nominal values.  The effects of 
sensor component value deviations will be examined in a 
subsequent paragraph.  The results indicate that the 
sensor network with the designed resistance values satis- 
fies the output voltage gradient requirements of the 
774A BMP. 
3.3.2  Electrical Design of the Fired Thick Film 
Sensor 
Material Selection 
Unlike the 17A type discrete thermistor the Western 
Electric Co. does not manufacture an in-house thick film 
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thermistor paste.  This necessitates the use of an outside 
supplier for material procurement.  For reasons of depend- 
ability of material sources it was decided to only con- 
sider manufacturers which have frequently engaged in 
business with Bell Laboratories.  Two such companies that 
manufacture high beta thick film thermistor paste were 
identified:  (1) Electro Materials Corp. of America (EMCA) 
and (2) Bala Electronics Corp. (Cermalloy).  E. I. DuPont 
DeNemouis & Co., Inc., the major supplier of thick film 
products to the Bell System no longer makes a thermistor 
paste.  The EMCA paste best suited for this application 
is designated 5 013-1TM and the Cermalloy paste as NTC 131. 
The published characteristics of each material are in- 
cluded in Table V.  As shown the characteristics of both 
materials are quite similar including both the resistivity 
and beta parameters.  The published TCR values differ 
slightly because they were calculated as linear approx- 
imations over different temperature spans.  The EMCA 
5013-1TM paste is available with two standard beta values 
of either 1800 of 2000°K. 
Both vendors claim that their thermistor pastes are 
compatible with standard thick film resistor paste pro- 
cessing including printing with stainless steel screens, 
the use of PdAg conductor terminations, co-fired capabil- 
ity with similar resistor series paste, and 850°C peak 
firing temperatures in air.  Neither company was willing 
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to release information as to the formulation of consti- 
tuents of the materials for proprietary reasons.  In 
addition both manufacturers recommended an oven bake 
stabilization of the as fired thick film thermistors at 
200°C for 100 to 150 hours for improved stability.  The 
author was informed that resistance changes on the order 
of 6 to 10% could be expected as a result of the stabil- 
ization.  The need for stabilization and resistance 
changes of the above magnitude are uncommon for typical 
thick film resistors.  Neither vendor acknowledged an 
understanding of the actual mechanisms that contribute 
to the need for such a stabilization.  Fired samples of 
both the 1800°K and 2000°K beta thermistor materials 
with various resistance values were received from each 
vendor for evaluation.  The uncompensated TCRs of the 
1800°K samples with similar desired R_ values were meas- 
ured and are shown in Figure 26.  As shown the TCR func- 
tions, although differing significantly from the desired 
response, are nearly identical.  The RQ normalized 
resistance-temperature values are shown in Table VI.  As 
shown the values of the two materials are essentially the 
same.  This further supports the characteristic similarity 
of the two different pastes.  The interchangeability of the 
two materials is important since it is desirable to have 
secondary supply sources when dealing with outside 
suppliers. 
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Design Effects 
The effects of the compensator network on a thermis- 
tor component were discussed in a previous paragraph.  In 
theory the thick film thermistor would require no compen- 
sation if (1) the high beta thermistor ink could be cus- 
tom blended with a lower beta ink to produce an 850°K 
beta material and (2) the resulting fired thermistor It- 
value could be obtained by either abrasive or laser 
trimming. 
One limiting factor on achieving the former condition 
is that the beta of the thermistor material is partially 
related to the resistivity of the thick film ink. 
Blending of two inks to achieve the desired beta may 
result in lowering the resistivity of the resultant paste 
to a value below acceptable limits.  The formulation and 
evaluation of the above thermistor material would be a 
highly challenging and interesting project in itself. 
Unfortunately the immediate field need of the sensor 
precludes the time and work effort required to success- 
fully complete such a project.  In addition the compen- 
sator approach offers some flexibility in easily adjusting 
both the TCR and RQ sensor parameters.  This would be 
a significant advantage if modificaton of the desired 
output voltage gradient was required in the future. 
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The major limiting factor in achieving the latter 
condition will be the heat generated by the trim oper- 
ation.  This is of particular concern with laser trimming 
which is in use in production of standard thick film 
resistors.  The present scheme utilized involves com- 
puterized sensing of the resistor to be trimmed.  In 
general an initial resistance measurement is taken.  The 
computer then uses the information to control the laser 
which induces a programmed precision cut into the resis- 
tor.  The initial cut results in increasing the resis- 
tance to a predetermined value close to but below nominal. 
The computer is then usually programmed to place 
the laser system into a measure predict mode.  In this 
mode a resistance measurement is first made, and then 
the laser emits a pulse of short duration.  The procedure 
is continued until the resistance is gradually increased 
to within the specified tolerance.  Since the thermistor 
to be trimmed is an NTC material sufficient heat from the 
laser beam could result in lowering the monitored resis- 
tance.  The computer would sense the low resistance value 
and try to compensate by increasing the duration of the 
laser beam for a deeper trim cut.  This would further 
increase the effective thermistor temperature thereby 
further decreasing the sensed resistance.  The end result 
is a "run-away" trim phenomenon.  Allowing the sample to 
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cool to room ambient between measurements would take time 
and thus reduce the trim throughput.  The compensator 
technique reduces the amount of trimming required of the 
thermistor through trimming of standard thick film resis- 
tors Rg and Rp.  Unfortunately some trimming of the 
thermistor would still be required since it would be dif- 
ficult to control the printed thermistor thickness to 
within accurate tolerances. 
The fired thick film thermistor samples were not 
stabilized as received.  Before design of the fired thick 
film sensor it was desirable to determine first hand the 
effect of stabilization on the RQ values using limited 
sample sizes of two units per cell.  A summary of the 
RQ stabilization effects are shown in the form of 
AR/R0 in Table VII.  As shown the range of percent change 
in RQ was 4 to 8% for the 1800°K beta samples after 150 
hours at +200°C.  The changes for the EMCA 2000°K samples 
was slightly higher being on the order of 10 to 11%. 
There was no measurable increase in RQ for the cermalloy 
samples after 100 hours at temperature.  The EMCA sam- 
ples showed some slight increase (0.5 to 0.9%) between 
the 100 hour and 150 hour measurements.  Since the sample 
sizes stabilized are statistically insignificant no firm 
conclusion may be derived as to the quantitative effects 
on R_.  Indications are that the R_ values are fairly 
stable after 100 hours oven aging at 200°C. 
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Qualitatively the Cermalloy material appears to be slightly 
more stable. -* 
Design Results 
Once again an iterative procedure was used to deter- 
mine optimum design values of Rq  = 1.043K-ohms + 1%, 
Rp = 7.50K-ohms + 1% and RQ = 1.62K-ohms nominal.  Dis- 
crete resistors were used for Rq and R_, for a "bread 
board" model of the sensor.  The TCR was measured over 
the same temperature range and using the same facilities 
as with the discrete 17A sensor design.  The resulting 
compensated resistance-temperature function is shown in 
Figure 27.  As shown the achieved response matches the 
desired one almost exactly over the temperature range of 
-5°C to +55°C.  The maximum deviation from the desired 
curve occur at the end points being approximately -2.5% 
at -20°C and +2.5% at +80°C.  Over the prime temperature 
range of interest (0°C to +70°C) the maximums are -1.5% 
at +40°C and +2.5% at +70°C.  The results indicated that 
the thermistor compensation technique is also suitable 
for the fired thick film sensor. 
Using the same 774A BMP as with the discrete thermis- 
tor design the output voltage as a function of temperature 
was measured.  The results are plotted in Figure 28.  In 
examining Figure 28 it is intersting to note that the vol- 
tage response follows the trend predicted by the TCR curve 
of Figure 27 fairly well except in the low temperature 
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range.  The TCR curve predicts that (in a high temper- 
ature to low temperature direction) the voltage response 
should track exactly in the temperature range of +10°C to 
-10°C and then gradually deviate from the desired response 
to a maximum at -20°C.  The measured voltage response 
starts to deviate at +10°C, reaches a maximum deviation 
at about -5°C, and then approaches the desired response 
exactly at -20°C. 
Since the deviations from the desired response are 
small it was first felt that measurement error was the 
cause.  Repeated measurements of both the TCR and voltage 
response showed that the discrepancy was indeed repro- 
ducible, thus measurement error does not account for the 
effect.  The desired TCR curve predicts that a resistance 
value of 4.10K-ohms is required for the desired voltage 
of -76.0 volts at -2 0°C.  The measured values of both 
sensors (discrete and thick film) indicate that a 
4.00K-ohms achieves -76.0 volts at -20°C.  It appears 
that the departure of the mesaured voltage response from 
the predicted voltage response is due to some temperature 
effect probably on the band gap reference, differential 
amplifier, or voltage sampling feedback resistance net- 
work of the 774A.  In any event the fired thick film 
sensor reproduces the desired voltage response quite well 
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being within +2% over the entire temperature range of 
-r20°C to +80°C.  The crossover points occur at approx- 
imately -20 °C, +25°C and +70°C. 
3.3.3  Design Evaluations 
General Advantages and Disadvantages 
The compensator technique has several general advan- 
tages as compared to a single component thermistor sensor. 
First, the use of precision resistive components for Rg 
and Rp greatly reduce the required R_ tolerance of the 
uncompensated thermistor.  The cost of precision resistors 
is considerably smaller than precision thermistors.  Sec- 
ond, the power that would be dissipated by the thermistor 
is partially dissipated through Rp.  This results in 
improving the effective power dissipation factor of the 
sensor.  Third, the TCR of the sensor may easily be 
adjusted within the limits of the thermistor character- 
istics by simply changing the values of Rg and Rp. 
One disadvantage of the design is that the extra 
components take up space and will hence increase the 
required physical size of the sensor.  Furthermore the 
use of the additional components complicates the manu- 
facturing process.  In addition the use of Rg and Rp 
result in a compromise between the desired and achieved 
TCR responses over wide temperature spans.  It is felt 
that the advantages of the designs greatly outweigh the 
inherent disadvantages. 
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Maximum Resistance Deviations 
To determine the effectiveness of the design it is 
first necessary to analyze the effects of maximum devi- 
ations of critical design parameters.  As mentioned 
earlier the combined tolerances of R and a at +25°C 
must be small enough such that the overall design limits 
are met over the entire temperature span.  The summed 
effects of the two causes of the resistance-temperature 
function departure from nominal at +25°C is shown in 
Table VIII for various^different RQ tolerances.  It shows 
the maximum allowable deviation per MIL-T-23648A as a 
function of temperature for thermistors having the 
standard +1% a tolerance at +25°C.  Using 0°C as an 
example, a R tolerance of +1% could have a maximum 
deviation of 3% whereas a +10% tolerance could yield a 
12% deviation. 
The calculated maximum resistance deviations are 
shown for 0°C, +25°C, and +70°C temperatures in Table IX 
designated as "Remote Sensor Characteristics."  The 
desired maximum deviations were calculated based on the 
0°C, +25°C, and +80°C data of Table IV.  The predicted 
deviations for the sensors were calculated using the 
maximum deviations for the thermistors extracted from 
Table VIII and the maximum tolerances of Rg and Rp.  As 
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an example the maximum positive deviation of the sensor 
occurs when the values of R and a, R , and Rn are all 
at the maximum (+) rated tolerances. 
As shown the calculated maximum resistance devi^ 
ations of both sensors meet or exceed the desired values 
at all three temperatures.  It should be noted that the 
standard +10% RQ tolerance of the 17A results in a max- 
imum deviation which is marginally closed to the desired 
value at +25°C.  A RQ +10% resistance value would result 
in exceeding the +3.5% desired tolerance if the thermis- 
tors were to aged +2% during field usage.  A much safer 
design margin would be obtained if the Rn tolerance of 
the 17A could be reduced to +5%.  As shown in parenthesis 
in Table IX, this would reduce the tolerance of the 
sensor network to +2.0% at +25°C.  Assuming negligible 
increases for the R_ and R^ resistors the thermistor 
component could age as much as +7% before exceeding 
desired limits. 
Design Characteristics 
As a result of the designed cross-over point at 
+25°C both the RQ and TCR values are exact using nominal 
value sensor components.  The beta of the discrete sensor 
differs slightly from the desired value because of the 
resistance-temperature curve deviation at 0°C discussed 
earlier.  The power dissipations of the discrete sensor 
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exceeds the desired minimum by a safe margin.  The power 
dissipation of the thick film sensor is unknown and will 
have to be experimentally determined.  The maximum 
operating temperature ratings of both sensors exceed the 
desired value by a safe margin. 
Preliminary Reliability 
The question of stability of both the 17A and NTC131 
thermistors required answering.  The material of which 
the 17A thermistor is made, called the Western Electric 
type 1 material, is known to be stable.N  '  The poten- 
tial for resistance increases may result from several 
sources:  (1) oxidation of the exposed thermistor surface, 
(2) stress relaxation at the interface between the therm- 
istor material and the silver electrodes, and stress 
relaxation and/or degradation of the solder joint between 
the silver electrode and the copper terminal.  Only 
limited information was available on the resistance 
stability of the 17A.  This included a caution that a 
permanent resistance change could occur if the 17A was 
operated at temperatures below -25°C for long periods of 
time.  A military grade equivalent of the 17A thermistor 
is available through Victory Engineering Corporation of 
Springfield, New Jersey.  Victory Engineering was con- 
tracted to make the initial 17A thermistors for Western 
Electric prior to internal manufacture.  The thermistors 
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are made to conform to military standard MIL-T-23648A. 
The military stability requirement is essentially that 
aging at +125°C for 1000 hours shall change the cold 
resistance less than +2% of the initial +25°C resistance. 
The added stability is achieved by modifications to the 
standard thermistor process sequence.  The modifications 
include (1) an additional thermal aging operation prior 
to lead attachment, and (2) an additional aging operation 
following the solder attachment of the leads.   ' 
Other than the recommended oven stabilization neither 
of the thick film thermistor vendors could supply pub- 
lished resistance stability data on their products.  A 
preliminary aging study was thus performed to determine 
if any catastrophic resistance changes would occur, and 
to qualitatively compare the thermistor products.  The 
experimental cells included both stabilized and non- 
stabilized samples from both vendors.  The aging was 
conducted at +150°C in air for a duration of 1000 hours. 
The 0°C and +50°C measurements were used to calculate 
beta for the various time intervals.  The results are 
shown in Table X.  The cermalloy NTC131 samples which had 
been oven stabilized essentially showed no measurable 
AR/R increase after 1000 hours aging.  The unstabilized 
samples showed increases on the order of 7%.  The oven 
stabilized EMCA 5013-1TM samples exhibited AR/R increases 
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of 2-3%, whereas the unstabilized sample showed a 13% 
change.  The EMCA high beta (2000°K) samples showed con- 
siderably higher AR/R changes being about 7-9% and 34% 
respectively for stabilized and unstabilized samples. 
The 0°C and +50°C resistance calculations for all of the 
experimental cells show that beta was not" affected by ' 
the aging. 
In summary of the above preliminary aging experiment 
it may be said that both 1800°K beta materials.are fairly 
stable if oven stabilized.  The Cermalloy material appears 
to be slightly more stable.  Qualitatively the 2000°K 
beta material is relatively unstable.  The beta of the 
materials is not affected by the aging. 
Although the data is not shown, an aging experiment 
was also conducted with the WE-17A thermistor.  The aging 
was conducted at a temperature of +125°C and for a dur- 
ation of 1000 hours.  The averaged AR/R change of six 
samples after 1000 hours aging was 2.5% with a +.5% 
minimum to maximum range.  As with the thick film samples 
beta was not affected by the aging. 
3.3.4 Mechanical Design and Circuit Layout 
Discrete Temperature Sensor 
The stated mechanical design considerations result 
in a single inline package (SIP) format as the best 
suited for the remote sensor.  The completed SIP package 
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would consist of (1) a rectangular shaped substrate of 
nominally 25 mil thick alumina ceramic, (2) thick film 
conductors and resistors (R and Rp), (3) a solder 
attached Type 17 thermistor, and (4) solder attached 
standard type SIP clip leads. 
The resulting thick film circuit layout is shown 
in Figure 29.  The SIP clip leads required a minimum 
0.095" above insertion length.  Allowing 0.065" for 
insertion this reduced the maximum allowable height of 
the thick film processed substrate to 0.290".  Since 
the maximum width of the type 17A thermistor is only 
0.217" the above dimension provides adequate space for 
attachment.  The desired capability of being able to 
individually probe each of the thick film resistors 
required a minimum of 3 pinouts.  The closest standard 
SIP pinout to the desired minimum is a 4 pin package. 
Thus to conform to the standard an unconnected pinout is 
provided.  The solder pads for the SIP clip leads were 
designed on the standard 0.100" center to center spacing. 
This determines the overall package length of 0.400". 
SIP package design guidelines reduce the effective 
package size by 0.005" thus the end dimensions of 
0.395" x 0.285" were derived. 
Connection of the thermistor to the circuit is pro- 
vided by the solder pads connected across resistor Rp. 
As shown the pads are oversized to allow some leeway in 
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positioning of the thermistor for solder attachment. 
A protective overglaze is provided to reduce the possi- 
bility of shorting of the thermistor which is positioned 
in that general area.  The values of R and Rp are such 
that the same lKft/sq thick film resistor paste may be 
used for both.  The physical sizes of the resistors were 
calculated by computer and designed to yield a post fired 
value of about 75% of the desired end resistances. 
The 25% margin is provided to prevent possible 
variations in printed resistor film thicknesses from 
resulting in above end resistance values.  The minimum of 
.020" line widths along with nominal 0.0005" thicknesses 
provide high conductivity of the PdAg or PtPdAg conductor 
terminations.  Not shown in Figure 29 is the back side 
lead solder pads.  Solder attachment to both sides of 
the substrate provides a more mechanically rigid con- 
nection. 
The above layout was arrayed for a twelve circuit/ 
substrate format fitting on a 2.4" x 2.4" sized substrate. 
After thick film processing the array is laser scribed 
and separated into the twelve individual circuits.  The 
preliminary process and assembly sequences for the dis- 
crete thermistor temperature sensor are included in 
Appendix I.  Connection of the sensor to the 774A is made 
between pins 1 and 4 of the sensor to pins 6 and 7 of the 
774A DIP. 
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Fired Thick Film Temperature Sensor 
To promote interchangeability of the two sensor ver- 
sions the fired thick film sensor was designed to the 
same surface dimensions as the discrete sensor.  The 
height of the thick film version could have been reduced 
substantially be rearrangement of R and R .  The thick 
film layout is shown in Figure 30.  Since three resistor 
components require probing a minimum 4 pinout format is 
mandatory.  Access to R is provided by pins 1 and 2, 
Rp by pins 2 and 3, and R(T) by pins 2 and 4.  Connec- 
tions of the sensor to the 774A is once again provided 
by pins 1 and 4 with pins 3 and 4 shorted by the cus- 
tomer.  The preliminary process and assembly sequences for 
the fired thick film sensor are included in Appendix II. 
3.4  Initial Models and Results 
3.4.1  Discrete Models 
Ten initial models were made using the preliminary 
process and assembly sequences of Appendix I.  One of the 
finished models is shown in Figure 31A.  As a result of 
the simplicity of the circuit no problems were encoun- 
tered with the thick film processing.  For these first 
models the thermistors were attached using a hand held 
soldering iron.  Problems were encountered in attaching 
the thermistor by this method due to the tight spacing 
of the solder pads. 
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The ten models received were evaluated for R„ and 
Beta performance.  Unlike the "bread board" models no 
special care was taken to select nominal value components 
The selection was purely random.  The results of the ten 
sensors were averaged.  The averaged R_ value of 2.371 
K-ohms was within 0.16% of the 2.375 K-ohm design value. 
The standard deviation of Rfi was +0.5%.  The averaged 
calculated Beta C0-50°C) was within 0.1% of the designed 
value for the ten samples.  The results indicate that 
the discrete sensor using thick film resistors performs 
just as well as the discrete component test models. 
3.4.2  Thick Film Models 
Using the process and assembly seuqence of Appendix 
II several fired thick film sensors were fabricated. 
One of the models is shown in Figure 31B.  Twelve of the 
sensors were stabilized at +200°C for 150 hours.  The 
average increase in resistance of the NTC131 thermistors 
was +6.8% with a standard deviation of +0.5%.  The 
average resistance increase of the standard thick film 
resistors Rq and Rp was on the order of +0.5%. 
Resistor Trimming 
The twelve sensors were submitted for passive laser 
trimming of the sensor components.  Problems were ob- 
served in attempting to trim the NTC131 thermistor 
material.  The "run away" trim phenomenon occurred.  The 
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only way the material could be trimmed was by discon- 
necting the computer sensing and manually estimating and 
executing the cut depth.  This is totally unacceptable 
for a high volume production operation.  It is speculated 
that the problem could be avoided by redesign of the 
thick film thermistor into a parallel ladder geometry 
similar to some thin film resistor designs.  The laser 
would cut all the way through incremental sections of 
the ladder thereby gradually increasing the resistance 
of the sample.  The advantage is that the remaining sec- 
tions of the resistance ladder are not affected by the 
heat of the laser beam.  Thus accurate resistance 
measurements may be made by the computer.  Based on these 
results the thick film sensor requires further develop- 
ment work in order to establish the trim capability. 
3.4.3  Temperature Compensated Laser Trimming 
In addition to the redesign of the thick film therm- 
istor layout a means of temperature compensated laser 
trimming is required for production.  The uncompensated 
NTC131 thermistor will have a temperature coefficient of 
approximately -2%/°C at room temperature.  Thus small 
room temperature deviations from 25°C may result in sub- 
stantial errors in the RQ trim value.  One method of 
avoiding this problem is to monitor the temperature of 
the trim ambient and adjust the trim resistance to an 
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appropriate value that will yield the proper RQ value 
at 25°C.  Another means would be to trim in temperature 
a controlled atmosphere.  The latter condition is imprac- 
tical for a typical production environment. 
One means of implementing the former method is to 
have the trim operator measure the temperature and then 
manually set the computer trim value by reading a con- 
version chart.  This procedure is slow and increases 
the probability for human error.  The next idea included 
the use of a precision thermistor.  A simple calculation 
could be programmed on the computer that would measure 
the reference thermistor resistance and then adjust the 
trim value of the thick film thermistor.  This idea would 
probably work but the reference thermistor's effective 
resistance might be subject to variables such as air cur- 
rents, power dissipation, and thermal time constant 
delays. 
The computerized measurement system to be used has 
a built in A/D conversion capability.  It has a measure- 
ment sensitivity on the order of millivolts and can read 
absolute DC voltages down to about 20 millivolts.  As 
a result temperature sensing schemes that supply a 
volts/°C output may be employed.  The voltage output 
of typical thermocouples would require considerable 
amplification to be useful for this application.  An 
inexpensive electronic thermometer package distributed 
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through Precision Monolithics, Inc. (PMI) was identified 
that would perform the desired function.  It is called 
the REF-02 precision temperature transducer with remote 
sensor.  It operates on the common known principle that 
the base-emitter voltage of a transistor (V__) has a 
processing and current density dependent temperature 
coefficient of about -2.1mV/°C.  A block diagram of the 
circuit is shown in Figure 32. 
The operational amplifier (OP-02) and the +5V (V ) 
output of the REF-02 functions together to level shift 
and amplify the 2.lmV/°C (VTEMp) output voltage.  Resis- 
tors R , R, , and R are used to scale the desired V . 
a  Dl     c out 
of the thermometer.  The expression for V. is: (17) 
V 
out 
R. 
1 + 
*b] 
V, TEMP 
RC 
R2 <V a 
[21] 
The first term of the equation is the gain of the circuit 
with VQ = 0.  The second term is the gain with VyEMp ~  °« 
The gradient of V   is determined by differentiating 
(17) 
equation [21] with respect to temperature: 
dV 
out 
dT - m 
R, 
1 + R \] 
[22] 
where m = 2.1mV/°C 
- 66 - 
Equation [22] shows that the ratio of R to R . .R, 
determines the slope of V  ..  The ratio of R to R and 
out c    a 
V set the initial output value at +25°C.  The potentio- 
meters Rp and R,  allow for precise calibration of the 
circuit.  V_ is adjusted by R_ to set the V  . at +25°C; 
and the ratio of R to R i iR, is adjusted by R.  to 
determine the slope of V   .  Rc is used to isolate the 
V M output from cable capacitances when the REF-02 sen- 
sor is remotely located.  Using the values shown in 
Figure 19 the value of V   is given by: 
+2.5V + .100V/°C (T-25°C) 
The 100mV/°C TCV could be used to calculate an equivalent 
trim TCR for thick thermistor.  The reference voltage 
level and' TCV of the REF-02 are easily detectable by the 
computer's measurement sensitivity and could be monitored 
continuously during the trim operation. 
Samples of the REF-02 along with the OP-02 in 8-pin 
mini DIP packages were received from PMI.  The circuit 
of Figure 32 was connected using the values shown.  The 
REF-02 was placed in a temperature chamber and the temper- 
ature was varied from 0°C to +50°C. 
The resulting voltage as a function of temperature 
measurements are shown in Figure 33. As shown the cir- 
cuit performed exactly as predicted up to approximately 
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+40°C. The slope of the measured V  . then began to 
deviate slightly from the desired slope.  It is con- 
cluded that for the room temperature range of interest 
(20°C to 30°C) the REF-02 temperature transducer scheme 
is applicable. 
3.5  Interaction with WE-KC Works 
The Western Electric Kansas City works presently 
manufactures the type 17A thermistor.  For reasons stated 
in paragraph 3.3 it is desirable to (1) reduce the 
tolerance of the standard 17A thermistor to +5%, and 
(2) meet the stability requirements of the military grade 
equivalent of the 17A.  A request was initiated for the 
Electron Device Area of WE-KC to evaluate the probability 
of achieving the above requirements.  The specifications 
of the desired thermistor are shown in Appendix III. 
After several months of evaluation B. W. Richardson 
(manager of the Electron Device Area) reported that WE-KC 
could meet the design requirements as stated in Appendix 
III.  The new thermistor is coded the type "17B." 
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4.   RECOMMENDATIONS AND CONLUSIONS 
The feasibility of a new design concept for remote 
temperature sensing and subsequent temperature compen- 
sated voltage adjustment of a switching regulator has 
been established.  The design concept was accomplished 
via development of a remote temperature sensor SIP.  The 
sensor is packaged with either a discrete type 17 thermis- 
tor or a commercially available thick film thermistor. 
Both versions of the sensor meet the expressed electrical 
and mechanical requirements of the regulator under nominal 
conditions. 
The discrete version when utilizing the WE type 17B 
thermistor will meet the electrical requirements even 
under worst case conditions.  The stability of the thick 
film version will have to be.evaluated before worst case 
conditions may be established. 
Based on the results the discrete version remote 
temperature sensor is recommended for immediate field 
usage provided the 17B thermistor is available.  The lack 
of long term stability data and trim problems preclude 
field usage of the thick film sensor for present appli- 
cation. 
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TABLE III 
Temperature Coefficient of Resistance Required for Various 
dV/dT 774A Linear Voltage Outputs 
Output Slop e 
Temperature 
(°c> 
1.1 V 7°c 
TCR 
K-OHMS 
1.2 V/°C 1.3 V/°C 
Voltage 
(Volts) 
Voltage 
(Volts) 
TCR 
K-OHMS 
Voltage 
(Volts) 
TCR 
K-OHMS 
-25 75.0 4.160 70.0 4.435 65.0 4.840 
-20 80.5 3.860 76.0 4.100 71.5 4.380 
-10 91.5 3.560 88.0 3.500 84.5 3.660 
0 102.5 3.020 100.0 3.092 97.5 3.180 
10 113.5 2.740 112.0 2.760 110.5 2.820 
20 124.5 2.840 124.0 2.500 123.5 2.520 
25 130.0 2.375 130.0 2.375 130.0 2.375 
30 135.5 2.275 136.0 2.260 136.5 2.250 
40 146.5 2.085 148.0 2.060 149.5 2.040 
50 157.5 1.930 160.0 1.923 162.5 1.900 
60 168.5 1.840 172.0 1.800 175.5 1.760 
70 179.5 1.740 184.0 1.680 188.5 1.620 
80 190.5 1.620 196.0 1.560 201.5 1.520 
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TABLE IV 
Calculated Deviation in Output Voltage for Change in 
Thermistor Value for a Temperature Coefficient 
of Voltage of 1.2V/°C 
Temperature 
(°c> 
AR 
(%)      (K-ohms) 
AV 
(%)       (volts) 
-25 1.0 0.044 0.7 0.5 
-25 3.0 0.133 1.7 1.2 
-25 5.0 0.222 3.6 2.5 
-25 10.0 0.444 7.7 5.4 
0 1.0 0.030 0.8 0.8 
0 3.0 0.093 2.6 2.6 
0 5.0 0.155 4.2 4.2 
0 10.0 0.300 8.0 8.0 
25 1.0 0.024 0.9 1.2 
25 3.0 0.071 2.8 3.5 
25 5.0 0.119 4.2 5.5 
25 10.0 0.238 8.1 10.5 
50 1.0 0.019 1.1 1.8 
50 3.0 0.058 2.9 4.5 
50 5.0 0.096 4.5 7.2 
50 10.0 0.192 9.0 14.5 
80 1.0 0.016 1.5 3.0 
J 
80 3.0 0.047 3.2 6.0 
80 5.0 0.078 5.1 10.0 
80 10.0 0.156 9.4 18.5 
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TABLE VI 
Normalized Resistance-Temperature Values ( /R ) 
Temperature 
(°C) 
WE Co. 
Type 17A 
9.792 
Cermalloy* 
NTC 131 
2.988 
EMCA* 
5013 1TM 
-20 3.034 
-10 5.560 2.283 2.332 
0 3.274 1.765 1.809 
ia 1.992 1.395 1.396 
20 1.250 1.099 1.082 
25 1 1 1 
30 0.8053 0.8890 0.8989 
40 0.5316 0.7407 0.7407 
50 0.3595 0.6111 0.6218 
60 0.2482 0.5185 0.5235 
70 0.1747 0.4383 0.4437 
80 0.1252 0.3703 0.3739 
* Nominal measured values on Pd-Ag terminations on 96% 
alumina ceramic. 
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TABLE VII 
Oven Stabilization of Fired Thick Film 
Thermistor Materials at 200 C in Air 
Sample 24 Hours 100 Hours 150 Hours 
Identification AR/Rn 
C%)° 
AR/Rn AR/R 
NTC 131 #4 1.7 4.3 4.2 
NTC 131 #5 1.3 6.0 5.8 
5013-1TM #1 - 5.5 6.0 
5013-1TM #2 - 7.1 7.5 
5013-1TM #1A* - 9.0 10.1 
5013-1TM #2A* _ 10.4 11.3 
High beta material (g = 2000) 
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TABLE VIII 
Resistance Tolerance vs. Temperature for 
Resistance-Temperature Characteristic as Per 
MIL-T-23648A.  The resultant maximum deviations 
are based on a + 1% TCR tolerance at 25 C. 
Temperature Percent Deviation 
(°c5 ~  
-55 
-15 
0 
25 
50 
75 
100 
125 
%"±^ RQ-+2% RQ=+5% RQ=+10% 
10 12 15 20 
5 6 9 14 
3 4 7 12 
1 2 5 10 
3 4 7 12 
5 6 9 14 
7 9 12 17 
10 12 15 20 
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TABLE IX 
Remote Sensor Characteristics 
(R and Rg Values @ + 1%) 
Desired Discrete Version  Thick Film 
Characteristic Value Value Version Value 
Maximum resistance 
deviation* (+%): 
0°C 10.0 7.5 (6.4)** 3.2 
25°C 3.5 3.2 (2.0) 1.5*** 
70°C 9.0 8.5 (8.0) 3.5 
RQ @ 25°C 
(K-ohms): 2.375 2.375 2.375 
TCR @ 25°C 
(ohm/ohm/ C): -0.0101 -0.0101 -0.0101 
Approximate Beta @ 0-50 C 
(°K): 
Power dissipation 
(mWrc) : 
850 
>5 
890 
>6 
850 
unknown 
Maximum operating 
temperature ( C): >100 125 150 
* Summed effects of R & TCR tolerances. 
** Value in,parenthesis assumes 5% R instead of 10% tolerance 
of standard 17A. 
*** Assumes 2% trim tolerance of thick film thermistor. 
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THE 130 volt WE-Co. AVALANCHE PH0T0DI0DE MOUNTED ON A TO-18 HEADER 
FIGURE 1A 
80 - 
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APPENDIX I 
Preliminary Process and Assembly Sequence for the Discrete 
Version Temperature Sensor 
1. Print, dry and fire back side PdAg solder conductor 
pads. 
2. Print, dry and fire front side Pd/Ag termination con- 
ductor pads. 
3. Print and dry protective overglaze. 
4. Print, dry and co-fire lKfl/sq resistors and overglaze, 
5. Passive trim resistors Rq and Rp to +■ 1%. 
6. Laser scribe and separate sensor FIC's (12 ckts/sub). 
7. Insert Alpha Mod I clip leads. 
8. Cut and form Type 17 thermistor leads. 
9. Presolder coat thermistor leads. 
10. Reflow solder thermistor and clip leads. 
11. Deflux assembled SIP. 
12. Deweb and trim clip leads. 
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APPENDIX II 
Preliminary Process and Assembly Sequence for the Fired 
Thick Film Version Temperature Sensor 
1. Print, dry and fire back side PdAg solder conductor 
pads. 
2. Print, dry and fire front side PdAg termination con- 
ductor pads. 
3. Print and dry lKft/sq resistor paste. 
4. Print and dry 5Kfi/sq resistor paste blend. 
5. Print, dry and co-fire lKft/sq thermistor paste. 
6. Passive trim R(T) to + 2%. 
7. Passive trim Rp to + 1%. 
8. Electrically short SIP pads 3 and 4. 
9. Probe pads 1 and 4 and trim R_ until R. . , = + 1%. c
•S       total   — 
10. Laser scribe and separate sensor FIC's (12 ckts/sub) 
11. Insert and reflow Alpha MOD I clip leads. 
12. Deflux assembled SIP. 
13. Deweb and trim clip leads. 
- 118 - 
APPENDIX III 
Requirements of Modified Type 17 Thermistor 
1. The cold resistance at 25°C shall be 1000 ohms + 5% 
maximum. 
2. The temperature coefficient of resistance shall be 
-0.044 fl/fl/°C + 1% @ 25°C. 
3. The temperature constant 3 shall be 3900 + 55°K 
@ 25°C. 
4. Aging at 125°C for 1000 hours shall change the resis- 
tance less than + 2% of the 25°C resistance. 
5. The thermal time constant, supported by leads in 
free air, shall be less than 80 seconds. 
6. The dissipation constant, supported by leads in free 
air, shall be greater than 5 mW/°C. 
7. The resistance ratio vs. temperature characteristic 
shall be as specified in thermistor data sheet 
AB49B.17A, Issue 1, December 1962. 
8. The resistance tolerance vs. temperature for each 
resistance characteristic shall be: 
Temperature (°C)    Tolerance (+%) 
-15 9 
0 7 
25 5 
50 7 
75 9 
100 12 
—\ 
125 15 A 
9.   The thermistor dimensions shall be as specified in 
thermistor data sheet AB49B.17A, Issue 1, December, 
1962. 
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